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In heavy-ion inertial confinement fusion, ion beams are transported several meters through the
reactor chamber to the target. This standoff distance mitigates damage to the final focus magnets and
chamber walls from the target explosion. A promising transport scheme makes use of a preformed
discharge channel to confine and guide the beams. In this assisted-pinched transport scheme, many
individual beams are merged into two high-current beams for two-sided illumination of the fusion
target. The beams are combined and focused outside the chamber before propagating at small radius
in the discharge channel to the target. A large beam divergence can be contained by the strong
magnetic field resulting from the roughly 50-kA discharge current. Using a hybrid particle-in-cell
simulation code, we examine the dynamics of heavy-ion inertial confinement fusion driver-scale
beams in this transport mode. Results from detailed two-dimensional simulations of
assisted-pinched transport in roughly 1-Torr Xe suggest that the Xe plasma becomes sufficiently
conductive to limit self-field effects and achieve good transport efficiency. Coupling to a published
target design is calculated. In addition, results from a semianalytic theory for resistive hose growth
are presented that explain three-dimensional simulation results. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1570421#
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I. INTRODUCTION

Heavy-ion inertial confinement fusion~HIF! requires the
focusing and transport of ion beams over several me
through the chamber to the target.1 A sizable transport dis-
tance prevents damage to the final focus section of the ac
erator and chamber wall from the target explosion.2 To re-
duce the cost of the accelerator driver, current HIF desi
include lower energy and higher current ion beams. Th
larger-perveance beams require a higher degree of ion ch
and current neutralization in the chamber. Ballistic transp
~mainline transport mode for the U.S. HIF program! uses a
final focusing lens just outside the chamber to focus e
beam onto the target and a supply of electrons to prov
neutralization ~neutralized-ballistic transport, or NBT!.3

Assisted-pinched transport~APT! uses a preformed chann
created in a gas~1–10 Torr! by a laser and a z-discharg
electrical circuit to create a frozen magnetic field before
ion beam is injected.4–6 Self-pinched transport~SPT! uses
the ion beam to break down a low-pressure gas~1–100
mTorr!,7–10 and the net self-magnetic field confines t
beam. A recent review of these leading candidate sche
can be found by Olson.11 These transport schemes impact t
design, not only of the accelerator, but also of the fus
target.

NBT, the current U.S. HIF program baseline, requir
.90% charge neutralization.12 Plasma generators are r

a!Electronic mail: drwelch@mrcabq.com
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quired to supply neutralizing electrons near the region
injection into the chamber.13 Some neutralization is also pro
vided by ionization of the background gas (;1 mTorr) and
by photoionization from early-time target radiation.14 This
option is attractive for the short transport lengths~roughly 3
m! envisioned for thick liquid-wall chambers13 because the
deleterious effects of space charge grow with transport
tance. Pinched modes are possible for all chamber scen
including wetted-wall and dry-wall that typically requir
larger chambers, and, hence, longer transport lengths o
der 4–6 m. Both pinch modes are attractive because
chamber entrance holes are small, and because these m
accept beams with less stringent requirements on beam e
tance and longitudinal energy spread.

Channel transport has already been demonstrated
high-current light ion beams in wall-stabilize
discharges.2,5,6,15At the Naval Research Laboratory, 50–50
kA of 1-MeV protons have been efficiently transported ov
distances of 2–5 m.15 Transport in freestanding lase
generated discharges was pioneered at Sandia Nat
Laboratories.5,16 Recently, channel experiments at Lawren
Berkeley National Laboratory have demonstrated sta
channels with currents of 55 kA and a 4-mm radius.17 Low-
current heavy-ion beams have been successfully transpo
in these discharges.18 The present HIF channel transport sc
nario uses two clusters of beams.19 For each cluster, severa
beams are combined in an adiabatic lens~a tapered discharge
channel20–22! and then injected into a single main z-dischar
channel. Initial simulations of APT including self-fiel
2 © 2003 American Institute of Physics
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effects23 have shown the importance of including the res
tive decay of plasma currents.

In this paper, we focus on the APT scheme pertaining
a thick-liquid wall chamber~radius of 3 m!. We make use of
the hybrid simulation codeIPROP ~Ref. 24! that includes
modeling of the gas breakdown for 1-Torr ambient Xe g
pressure. Here, detailed 2D simulations of full driver puls
and coupling to a target are shown. The paper is organize
follows. A simple theory of the APT focusing system is d
rived in Sec. II. Detailed 2D calculations of target coupli
are discussed in Sec. III. A semianalytic description of
resistive hose instability is presented with results in Sec.
Our conclusions follow in Sec. V.

II. BASIC ASSISTED-PINCHED TRANSPORT THEORY

The basic scheme for the transport of HIF beams in d
charge plasma channels is shown in Fig. 1. The discharg
created in two stages. Guided by laser ionization, an ele
cal prepulse forms a reduced density channel in the amb
5-Torr Xe gas. Then, a main pulse produces the 50-kA
charge. Ion beams are combined into two channels that
minate at opposing sides of the fusion target. Return cur
channels are created at right angles to the beam carr
channels for symmetry considerations. The basic concep
hind pinched transport modes, including APT and SPT
that the outward force caused by the beam divergenc
contained by theu3B Lorentz force. For identical Benne
beam and net current profiles, the matched divergence
discharge or self-field channel of total net currentI net ~sum of
beam and all plasma currents, including the discharge cur
if any! is given by the well-known Bennett pinch conditio

I net5u2I A , ~1!

where I A5mc3/Zegbz is the ion Alfvén current. For rel-
evant HIF parameters,I net of 10–50 kA is sufficient. In the
APT scenario,4 many beams are captured at 1-cm radius i
tapered discharge channel that combines and compresse
beams to roughly 0.5-cm radius. Simulations, accounting
the magnetic fields of the 50-kA discharge current (I d) but
neglecting beam self fields, have shown excellent capt
adiabatic focusing, and transport of a HIF beam.25 Initial
simulations of APT transport including self fields ha
shown reduced, but adequate, efficiency.23 If we ignore self
fields and assume single particle trajectories, the beam ra
can be computed from a simple energy argument relating
Lorentz potential to the incoming transverse energy of

FIG. 1. A schematic of the APT system is sketched. After the final fo
magnet, many beams of radiusR are transported a distanceL, captured and
combined in the adiabatic discharge lens, compressed, and transported
target.
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beam and by making use of an adiabatic invariant. If
assume a uniform discharge current density, the poten
~normalized by the electron rest mass energy! as a function
of radiusr is given by

A5
Ze2I cbz

mc2 S r

r c
D 2

, ~2!

wherer c is the channel radius andI c is the channel current
Now an ion entering the channel with initial radiusr i and
with divergenceu i will reach a maximum radial excursio
given by

r i05S r i
21

1

2

I A

I c
u i

2r ci
2 D 1/2

. ~3!

As the adiabatic channel radius decreases from its initial
dius r ci to its final radiusr c f , the maximum ion excursion
or Larmor radius, can be determined, assuming the magn
flux encircled by the ion orbit is an adiabatic invariant for
slowly varying radius. For a linearly focused beam wi
outer radiusr s and focusing angleum , the rms beam radius
at equilibrium is given by

r b5
1

2 F r c f

r ci
G2/3A2r s

21
I A

I c
um

2 r ci
2 . ~4!

The equation shows that the initial Larmor radii of the io
can be adiabatically compressed by the ratio of final-
initial channel radius to the 2/3 power. The required curr
still scales as the Bennett pinch condition. One can ea
find the optimal initial channel radius if we assumer b5r c f

and minimize the discharge current with respect to ther ci .
We find that the optimizedr ci533/4(r s

3r c f)
1/2. Using the

above results, for nominal parameters under considera
r s51 cm, r c f5r b50.5 cm, um50.03 rad, the required dis
charge current from the above equation is 42 kA withr ci

53.2 cm.
A key assumption made in the above theory is that s

fields can be neglected, i.e., the plasma conductivity is i
nite. In this limit, the discharge magnetic field remains co
stant and beam ions follow single-particle trajectories. F
finite conductivity,s, the growth in timet of net currentI net

rises linearly from 0 to the beam currentI b in time tm

5psr b
2/c2 ~the magnetic diffusion time!. A rise in I net com-

parable to discharge currentI d can lead to a nonlinear non
uniform focusing force and instability. ForI b56 MA, to
keep the rise inI net!I d for an 8-ns pulse,tm@1 ms. For a
0.5-cm beam radius, this requiress@1015 s21. This require-
ment on conductivity sets a lower limit on the plasma ele
tron temperature of roughly 20Z– 100Z eV.

III. 2D IPROP SIMULATIONS OF ASSISTED-PINCHED
TRANSPORT

In this section, we present 2D simulations including t
effects of beam self fields and gas interaction using theIPROP

code.23,24 These simulations are electromagnetic and m
use of a tensor conductivity model to describe the plas
electron current. The HIF ion beams envisioned for APT
highly stripped (Z.60) in the Xe gas and reach MA electr
cal currents. Beam ionization is so intense that the we

s
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plasma assumption is no longer valid. Modifications to
code involved simplified models of the discharge chan
initial conditions, collisional heating and stripping of the g
by the beam. The results show the effect of self fields t
contribute to degraded beam transport through inductive
sion; emittance growth and hose instability can be tolera
due to the production of a highly conductive plasma.IPROP

uses a two-fluid treatment for the plasma ions and electr
The plasma electrons have temperatureTe and momentum
transfer frequencynm . The Ohm’s law for plasma electro
current used in the electromagnetic field solver isJe

5s(¹pe /ne2uinm1E1u3B), where pe(neTe), ne , and
ui are the electron pressure, electron density, and plasma
velocity, respectively. The plasma ions are treated with
grangian fluid equations. The energy equation includes o
the self-work term and the electron-ion thermalization te
characterized by the usual equilibration timet ie ,

3

2
ni

dTi

dt
52pi¹•ui1

3neme

nimit ie
~Te2Ti !, ~5!

whereni , Ti , andpi are the plasma ion density, temperatu
and pressure (niTi). The equation of motion includes th
pressure gradient, electron friction, and electromagn
forces,

mi

dui

dt
52

¹pi

ni
1~u2ui !nm1Ze~E1ui3B!. ~6!

The new modeling pertaining to the intense interact
of the heavy ion beam with the discharge plasma, first d
cussed in Ref. 23, is now described. Plasma electron de
ties are advanced with the following equation:

]ne

]t
5¹•Je1w21

dE

dt
f bnb , ~7!

wheredE/dt is the fraction of the Bethe collisional energ
loss rate of the beam ions from interaction with the bound
electrons. For simplicity, we assume this fractionf b is the
ratio of bound electrons to the Xe atomic number. The
ergy to produce an ionization,w525 eV for neutral Xe,26 is
assumed to increase with the square of the new ioniza
state. Due to the expected high electron temperatures
dominant effect of ion impact ionization, we neglect the
fects of electron recombination and avalanche in these
culations. Energy-dependent electron-neutral momen
transfer frequencies26 and Spitzer collision frequencies fo
the electron-ion interaction are used with anomalous resis
ity ignored.

The extremely rapid evolution of the electron energy a
the multiple stripping of the Xe atoms demand a more
tailed model. Thus, the electron energy equation has b
modified to account for time-dependent evolution unlike
usual steady-state approximation in which all electron
tributes are modeled as a function of the ratio of elec
field-to-ambient gas density (E/p). In the new model, the
evolution ofTe is described by the equation,
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2
ne

dTe

dt
5

3neme

mi

~Ti2Te!

t ie
11.96neve

2nm1¹•k¹Te

1Qe , ~8!

where Ti and ve are the ion temperature and the electr
velocity. The first term on the right-hand side~RHS! of Eq.
~8! is the ion-electron thermalization. The next term is t
Ohmic heating term. The thermal diffusion term~third term
on the RHS of the above equation! is characterized by the
thermal conductivityk. The ion-beam heating termQe as-
sumes that a fraction (12 f b) of the Bethe energy loss fo
neutral Xe is deposited in the free electrons. Thus, we ign
the weak effects of the multiply charged gas~which only
show up in the Coulomb logarithm!. Inelastic losses of free
electrons, such as radiation and excitation of bound e
trons, are neglected.

Several approximations are also made concerning
beam interaction with the plasma. Described in Ref. 24,
assume the Moliere multiple-scattering formalism and Be
slowing down in neutral Xe. Finally, the beam charge state
held fixed and is assumed to have stripped to this state~e.g.,
Pb172) in the ballistic drift section before entering the adi
batic discharge section. A modest spread in charge s
from examination of Eq.~4!, would not have significant im-
pact on the final radius.

The IPROP code is used to simulate the intense be
interaction with a Xe plasma for APT in an HIF chamber. W
use a realistic set of ‘‘foot’’ and ‘‘main’’ pulses that are re
quired to couple into the hybrid target design of Callahan a
Tabak.27 This hybrid target requires a larger beam spot
roughly 5 mm relative to the distributed radiator targ
~3-mm spot!.28 The foot beam is a lower energy and curre
beam that preheats the hohlraum. The main pulse arr
immediately after the foot pulse and drives the radiation te
perature in the hohlraum to its peak value. In our simu
tions, the foot pulse is a 12.5-kA~particle current!, 3-GeV,
and 25-ns pulse length Pb172 ion beam. The main pulse ha
a 66.5-kA current, 4.5-GeV energy, and 8-ns pulse leng
These uniform density beams are injected with a 30-cm o
radius, 10 m upstream from the discharge. The microdiv
gence (u i5rms deviation of the mean transverse beam m
tion! is taken as 1 mrad. The beam is transported ballistic
over a distance of 10 m reaching roughly an 8-mm ou
radius (r s) at the entrance to the discharge.

The adiabatic discharge channel has an axially dep
dent radius and reduced density~falling linearly from 5 Torr
at z50 to 0.5-Torr for z.125). The discharge is sharp
edged with r ci52 cm falling linearly to r c f50.5 cm at z
5125 cm ~distance from the entrance to the adiabatic d
charge channel!. The Xe ionization fraction is initially 0.9
with a 3-eV plasma temperature. The current density,
duced gas density, and the ionization fraction have squ
radial profiles. The initial conductivity is 3.931013 s21

within the channel.
In our nominal simulation, we examine a 50-kA di

charge in which the simple theory~see Sec. II! predicts the
beam edges should compress to roughly 4.6 mm. The b
particles at various propagation times through the discha
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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FIG. 2. ~Color! The positions of the
foot ~left! and main ~right! pulse
beams are shown after 27, 54, 80, an
97 ns. The two upper figures areIPROP

simulation results with no self fields
and the two lower figures are the ful
simulation results.
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are shown in Fig. 2 forIPROP simulations without and with
self fields. As expected, without self fields the beam is co
pressed in the adiabatic lens section to an outer radiu
roughly 4.5 mm. With self fields, however, as the beam
cillations slowly damp, a low-density halo of beam io
forms. The local growth of self fields is very sensitive to t
plasma electron temperature evolution that sets the pla
resistivity through Spitzer.Te rises on-axis to nearly 4 keV a
the beam waists. Within 2 ns at a given z position, the te
perature rise increases the conductivity above 1015 s21 and
rises to nearly 1016 s21 after 20 ns~near the back of the foo
pulse!. The average charge state of the Xe gas rises to 10
by this time and plateaus. The plasma monopole magn
decay time also increases to nearly 5ms, sufficiently long to
slow self-field growth as described in the previous secti
The spatial variation of the magnetic fields after 80 ns
plotted in Fig. 3. We see significant axial rippling of the s
field that reaches a maximum of 45 kG. The total net curre
calculated at the radius containing half the beam curr
increased to only 80 kA. The net current growth is of t
order of that predicted at the end of Sec. II for magne
diffusion. Inhibition of the plasma return current from ma
netic tensor effects does not significantly enhance net cur

FIG. 3. ~Color! Contours of the magnetic fields at 80 ns~beam head is at
z5408 cm) for the nominalIPROPwith self fields is plotted. In this case, th
Pb172 ion beam is injected into a 50-kA discharge channel.
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growth. As a result, inductive energy losses are tolera
~roughly 4%!. This loss is less than the 6% loss due to c
lisional interactions with the gas. A plot of the time
integrated beam deposition for this simulation compa
with an ideal simulation, where no scattering or self fiel
are modeled, is shown in Fig. 4. The time-integrated be
rms radius on target is 3.5 mm. The total energy transp
efficiency at 450 cm is 85%. The main deleterious effect
the propagation is the formation of a halo. Some ions inter
with the oscillating self-magnetic field imprinted by th
gross beam motion shown in Fig. 3. These ions are kic
out to larger radius where they scatter in the more de
5-Torr wings. The core of the beam remains focused.

We now look for any sensitivity in the beam transport
the channel current and beam divergence is varied. The
bility of the discharge channel can be a function of the d
charge current; a reduction of this current is preferable.IPROP

simulations of discharge currents from 25–75 kA were ru
The sensitivity of the transported beam energy was q
small. As the current dropped from 75 kA to 25 kA, th
efficiency of transported beam energy within 5 mm fell fro

FIG. 4. The time-integrated beam energy deposition at the targez
5450 cm) is plotted for the nominal beam/channel simulations. The ene
has been radially integrated to yield the beam energy contained with
given radius.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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2446 Phys. Plasmas, Vol. 10, No. 6, June 2003 Welch et al.
87% to 80%. At 25 kA, the beam profile was becoming mo
annular and a more rapid loss of efficiency is expected
lower discharge currents. Similar results were found as
beam divergence is increased from 1 to 2 mrad. The trans
efficiency falls from 85% for 1 mrad to 81% for 2 mrad
Again, at the higher divergence value, the profile beam
comes more annular.

We also expect little variation in beam transport ef
ciency for different beam ions. If we assume a fixed be
charge-state fraction of the atomic number, the charge
mass ratio of the ion is nearly constant and their confinem
in the electromagnetic fields of the channel is also near
constant. Furthermore, the ion velocity of 0.2c determines
the optimal range in the target radiator. Thus, in order to k
the energy on target fixed, as the ion mass decreases, th
energy decreases in proportion and the total ion current m
increase. The electrical current is then also nearly a cons
The only major difference in the beam/gas interaction is
beam impact ionization and the beam energy loss in the
which are, of course, related. UsingIPROP, we simulate a
Xe144 beam keeping the total beam energy fixed. The res
ing transported beam energy within 5 mm was identica
the Pb beam at 85% although the radial profiles were
identical. These results show little sensitivity to fairly larg
variations in discharge or beam conditions.

IV. SEMIANALYTIC RESISTIVE HOSE THEORY

As with any propagating beam in a resistive mediu
particularly given a strong plasma return current, APT is s
ceptible to the dipole (m51) ‘‘hose’’ instability. Hose is a
resistive instability driven by the phase lag between the p
turbed beam current and the plasma return current. Clo
expressions for the growth time of the instability have be
derived for Bennett beam and conductivity radial profi
with half-current radiusr b . Ignoring plasma current neutra
ization, thee-folding time for the fastest growing mode i
the beam frame is given by 0.69td ,29 where the dipole decay
time td5psr b

2/2c2. Lampe30 found thee-folding time in the
highly current neutralized limit iste;0.59tdI net/I b . te in-
creases withI net, suggesting higher current discharges a
preferable. Note that the net current growth and characte
tic hose growth time have the samesr b

2 scaling. We expect
a strong coupling between the equilibrium and dipo
behavior.

To study the complex interaction between net curr
evolution and hose growth, we usedIPROP, adding a second
azimuthal mode (m51). This work was presented in an ea
lier paper.23 In these simulations, the conductivity was n
permitted to evolve and only pinched propagation with co
stant channel radius of 0.5 cm was modeled~the simulations
did not include the adiabatic lens section!. The hose growth
over 2-m propagation was seen to be benign. In some ca
with conductivity consistent with that calculated in the abo
2D simulations~with 2-ms dipole decay length!, beam per-
turbations simply damped. As the conductivity was reduc
yielding an 80-ns decay length, the beam centroid grew o
a factor of 2, much less than simple theory suggested. In
Downloaded 11 Mar 2004 to 128.3.130.100. Redistribution subject to AIP
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section, we present detailed analytic modeling that sugg
betatron detuning as the explanation for the enhanced st
ity of the beam-to-hose motion.

We make use of the well-known spread-mass model
troduced by Lee29 to include orbital phase-mixing effect
into the analysis of the resistive hose instability. For a Be
nett beam of radiusr b and currentI b , and a fixed conduc-
tivity profile s(r ) with on-axis peak valueso , the spread-
mass equations may be written as

]2Yh

]z2 52hkb
2 H Yh2

1

12 f E0

` 6u2r b
4cA1~u!

~u21r b
2!3I b

duJ , ~9!

]

]r H 1

r

]

]r
@rA1~r !#J 2

8tBs~r !

r b
2s0

]A1

]t

52
16rr b

2I b

~r 21r b
2!3c

^Yh&, ~10!

wheret5t2z/vz measures time back from the head of t
beam,

kb
25

2qbI b~12 f !

gMcvz
2r b

2 , ~11!

tB5
ps0r b

2

2c2 , ~12!

is the dipole decay time, andf is the neutralization fraction
@ I net5(12 f )I b#. In Eqs.~9! and~10!, Yh is the centroid of
the beam disk labeled by the indexh (0<h<1) andA1(r )
is the perturbed magnetic vector potential. The angle bra
ets denote the mean value of a quantity, e.g.,

^Yh&5E
0

1

dhg~h!Yh , ~13!

whereg(h)56h(12h) is the weighting function for a Ben
nett beam. For perturbations of the usual form exp(i(vt
1kz)), wherek denotes the Doppler-shifted wave numb
the equations may be combined to give

]

]r H 1

r

]

]r
@rA1~r !#J 2

8ivtBs~r !A1~r !

s0r b
2

52
24rr b

6

~r 21r b
2!3~12 f ! K hkb

2

hkb
22k2L E

0

` 4u2A1~u!du

~u21r b
2!3 .

~14!

For the special case of a Bennett conductivity profile w
channel radiusr c equal to the beam radiusr b , Lee29 showed
that Eq.~14! implies

A1~r !}
rr b

~r 21r b
2!

, ~15!

which leads to the dispersion relation

v i>
~ f 10.69!

~12 f !tB
. ~16!

Maximizing Im(2v) for realk gives a peak temporal growt
rate29,30 of
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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ivtB5

f 1K k2

hkb
22k2L

~12 f !
~17!

for k>0.52kb.
In order to consider the implications of arbitrary condu

tivity profiles, we discretize Eq.~14! by settingr 5nDr , n
51,2,3,... to obtain an infinite system of linear equations
the components of the vectorA1(nDr ). The system may be
truncated at some largenDr ~typically 20 to 30r b in these
calculations!, and the determinant of the resulting coefficie
matrix set equal to zero to obtain a dispersion equat
Keeping the Bennett shape for convenience, we find

v i>
~ f 10.69!

~12 f !tB
hS r c

r b
D , ~18!

wherer c is the ~Bennett! radius of the conductivity profile
Some values ofh determined by the numerical procedu
outlined above areh(1)51, h(2)50.413, h(4)50.318,
h(`)50.292, the last value corresponding to the flat cond
tivity profile case. For beams nearly fully neutralized,f is
near 1, and we see immediately from Eq.~17! that the peak
temporal growth rate scales approximately as

v i}
1

I netr b
2 . ~19!

For the present case~4 GeV Pb172 ion beam!, it was
observed in the simulations23 that the net current and bea
radius varied from 50 kA and 0.5 cm at the beam head
approximately 300 kA and 0.204 cm at the tail. For a nea
flat conductivity profile, these values, according to Eq.~19!,
give a constant ‘‘local’’ growth rate along the beam. Usi
Eq. ~18! with s05231014 s21 and again a flat conductivity
profile gives an asymptotic upper bound on the growth at
tail of an 8-ns beam of about 5.2–5.7e-foldings ~depending
on exactly which point along the beam is chosen to de
I net andr b). Direct numerical integration of the coupled di
ferential Eqs.~9! and ~10! was also carried out to determin
expected growth at the end of the 8-ns pulse. Results f
six such integrations are shown in Table I, with the predic
number ofe-foldings in the last column. For each case, t
value ofI netr b

2 is the same, and we see that the growth var
only slightly ~over the range 3.5–3.9e-foldings!, consistent
with the scaling inferred from the dispersion analysis abo

Although the ‘‘local’’ growth rate remains approximate
constant along the beam, the spatial~betatron! wave number

TABLE I. Results from numerical integration of Eqs.~9! and~10! for vari-
ous values of net current and beam radius.~Flat conductivity profile with
s05231014 s21.)

r b ~cm! I net ~kA! kb (cm21) tB ~ns! e-foldings

0.500 50 0.147 87.0 3.88
0.354 100 0.294 43.5 3.76
0.289 150 0.441 29.0 3.67
0.250 200 0.588 21.8 3.60
0.224 250 0.735 17.4 3.53
0.204 300 0.882 14.5 3.47
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at peak growth (k>0.52kb) varies asI net
1/2/r b , corresponding

to wavelengths of 22.2 cm at the beam head to 3.7 cm at
tail. These values are in good agreement with those infe
from theIPROPsimulations of Ref. 23. Accordingly, Eqs.~9!
and ~10! were again integrated numerically, this time wi
I net andr b varying witht during the course of the integratio
from 50 kA and 0.5 cm at the beam head (t50) to 300 kA
and 0.204 cm at the tail (t58 ns). The result of this calcu
lation was approximately 1.3e-foldings of growth, substan-
tially less than the constant net current and beam radius c
summarized in Table I. This lends strong support to the
tion that the variable betatron wavelength~betatron detuning!
is the explanation for the relatively low hose growth o
served in the simulations.

V. CONCLUSIONS

Using semianalytic theory and theIPROP code, we have
examined the APT mode currently under consideration
HIF chamber transport. The key advantage of the pinc
modes is that the beams are focused before the cham
Thus, the focal length of the beam is separable from
transport length in the chamber. This separation potenti
relaxes the accelerator requirements on emittance. The
simulations are encouraging in that nearly 90% energy tra
port is achieved. The plasma conductivity mitigates bothm
50 net current growth andm51 hose instability growth. We
find that even for conductivity well below that calculated b
IPROP, the hose motion is effectively reduced due to the ra
idly changing beam betatron wavelength that detunes the
stability. The wavelength increases rapidly as self-magn
fields grow in the resistive medium. This observation, fi
seen in simulations, is confirmed in a spread-mass ana
model of the resistive hose including variable current n
tralization effects. This model shows that the hose growth
a beam with wavelength decreasing in time is less than fo
beam that had a constant small wavelength. This work s
gests that APT is a robust chamber transport scheme wo
of continued consideration for HIF.
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